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. Introduction
The electric field dependent properties of ferroelectric perovskite oxides such as Ba x Sr 1-x TiO 3 (BSTO) have been extensively considered for the realization of tunable microwave components. Voltage tunable capacitors (varactors) in which the capacitance is tunable through the field dependent permittivity of the ferroelectric material, is the most general component which has applications in various tunable circuits such as phase shifters, tunable filters, tunable matching networks, voltage controlled oscillators, etc [1] . Ferroelectric varactors can be designed either as planar (e.g. interdigital) capacitors or as parallel-plate devices where a ferroelectric thin film is sandwiched between top and bottom electrodes. A considerable advantage of the parallel-plate approach is that the potential tunability of the ferroelectric material can be accessed by moderate biasing voltages due to the short distance (film thickness) between the capacitor electrodes.
The most important characteristic of a microwave varactor apart from the tunability is the loss tangent at the frequency of operation. Improved thin film quality and an increased understanding of electrode related losses have reduced the microwave loss tangent to a level where an additional loss mechanism, related to the electromechanical activity of the ferroelectric material, starts to limit the varactor performance. Figure 1 shows an example of the measured loss tangent as a function of frequency for a BaTiO 3 -based parallel-plate varactor. It can be noted that the loss tangent response at zero bias is in principle smooth, while the loss tangent under dc bias reveals a series of high peaks, rendering the varactor practically useless at these frequencies. Transformation of the microwave energy into acoustic energy due to the electromechanical, piezoelectric, activity of the ferroelectric thin film has been identified as the mechanism behind this behavior [1] , [2] . These effects can be utilized for switchable/tunable thin film bulk acoustic resonators [3] , but are problematic for varactor applications. Away from the peaks the loss tangent decreases with increasing dc bias, in agreement with general loss mechanisms related to charged defects in the ferroelectric film and series resistance of electrodes [1] . 
Origin of enhanced losses
BSTO material above the Curie temperature, in the paraelectric phase, ideally reveals a centrosymmetric crystal structure and can thus from symmetry considerations not exhibit a polar property such as piezoelectricity. No piezoelectric activity means no losses related to acoustic wave generation. The very weak peaks in the loss tangent response for the zero bias measurements in figure 1 indicates either that the BaTiO 3 film due to strain or other thin film effects is close to the paraelectric phase at room temperature, or that the intrinsic piezoelectric effect is very weak. As a dc bias voltage is applied however the material is polarized, centrosymmetry is definitely broken, and the appearance of a considerable piezoelectric effect can be qualitatively understood by considering electrostriction, which results in a mechanical deformation proportional to the square of polarization, S=QP 2 . Writing the polarization as P=P dc +P ac , where P dc is a large dc component and P ac is a small signal ac component, the total mechanical response can be written as S=QP dc 2 +2QP dc P ac +QP ac 2 . The factor 2QP dc in this relation can be identified as a field dependent piezoelectric coefficient (linear coupling between mechanical and electrical systems) as seen by the low amplitude ac field, i.e. a field induced piezoelectric effect. Formal derivations of the electromechanical properties of BSTO thin films have been developed in [4] and [5] .
The electromechanically induced peaks in the loss tangent response can be divided into two different categories: A) Enhanced absorption at frequencies where the parallel-plate structure, in principle a piezoelectric resonator, approaches resonance. The fundamental resonance frequencies and their harmonics are determined by the ferroelectric film thickness and acoustic properties, as well as the mechanical boundary conditions imposed by electrodes, substrate, etc [6] . B) Enhanced absorption at frequencies where the ferroelectric film is acoustically matched to the substrate, leading to an efficient transfer of microwave energy into acoustic energy which is dissipated in the thick substrate. Away from the peaks categorized as A and B the microwave to acoustic transformations are not enhanced and the applied dc field results in a reduction of the loss tangent.
A considerable number of the loss tangent peaks fall into category B, as can be estimated by calculating the reflection coefficient for acoustic waves travelling from the ferroelectric film towards the bottom electrode/substrate stack. The reflection coefficient Γ can be estimated as |Γ|=|(Z II -Z I )/(Z II +Z I )|, where Z I is the acoustic impedance of the BSTO film (assumed to be infinitely thick), and Z II is the acoustic input impedance of the bottom electrode/substrate stack. |Γ| is shown in figure 2 along with the measured loss tangent response under bias. As indicated by the dashed lines, several of the loss tangent peaks can be associated with corresponding minima in the reflection coefficient, meaning that at these frequencies the ferroelectric film is to some extent acoustically matched to the substrate, and microwave energy is lost through the generation of acoustic waves. Since the BSTO film in this calculation is assumed to be infinitely thick a perfect match between reflectivity minimum and loss tangent maximum should not be expected. The remaining peaks, indicated by circles, are associated with the piezoelectric resonances and their harmonics. 
Bragg reflector
A subset of the electromechanically generated loss tangent peaks, the ones in category B, related to partial acoustic matching to the substrate, can be avoided by incorporating a Bragg reflector structure, or acoustic mirror, between the substrate and the ferroelectric film. This type of reflector structure, found e.g. in thin film bulk acoustic wave resonators [6] , consists of layers with alternating high and low acoustic impedance and provides a high reflectivity for acoustic waves in a certain band around the chosen center frequency. The bandwidth depends on the impedance contrast between the reflector layers, and is typically a few GHz at a center frequency of 5 GHz. Figure 3 shows the loss tangent characteristics of a varactor structure based on Ba 0.25 Sr 0.75 TiO 3 incorporating a Bragg reflector stack consisting of alternating SiO 2 and Au layers. The calculated acoustic wave reflection coefficient, looking from the ferroelectric film towards the substrate, is also included. The loss tangent peaks associated with acoustic matching of the ferroelectric film to the substrate have been effectively removed within the Bragg reflector bandwidth, and the loss tangent response is considerably cleaner than for the conventional varactor shown in figure 2 . A general reduction of the loss level with bias away from the peaks can also be observed (not shown) although the effect is not as pronounced as for the conventional varactor.
Discussion and conclusions
As was shown in the previous section adding a Bragg reflector structure below the ferroelectric film can be an effective approach to reduce the number of performance lowering electromechanically induced peaks in the loss tangent frequency dependence of biased parallel-plate ferroelectric varactors. Since the design of the reflector stack determines the center frequency, the frequency band with reduced losses can to some extent be chosen to fit the frequency range of interest. All peaks in the loss tangent within the reflection band are however not removed, as is clearly seen in figure 3 . Peaks appearing as a consequence of piezoelectric resonances are even expected to be enhanced due to the high reflectivity presented by the acoustic mirror. The impact of these resonances can be alleviated by designing the varactor so that the fundamental resonance (at approximately 3.6 GHz in figure 3 ) appears below the Bragg reflector bandwidth. In conclusion it has been shown in this work that the electromechanically induced losses in biased parallel-plate ferroelectric varactors to some extent can be suppressed by considering the acoustic effects of the layers in the varactor stack, exemplified by adding a Bragg reflector below the ferroelectric film. Co-optimizing the varactor both from a general electrical point of view and from an acoustic point of view is however not always straight forward and care must be taken to find materials and processes which are suitable from both perspectives.
